The utilization of 1-kestose (GF 2 ) and nystose (GF 3 ), the main components of fructooligosaccharides (FOS), by Lactobacillus and Bacteroides species was examined. Of seven Lactobacillus and five Bacteroides strains that utilized FOS, L. salivarius, L. rhamnosus, L. casei, and L. gasseri utilized only GF 2 , whereas L. acidophilus and all the Bacteroides strains utilized both GF 2 and GF 3 . Only the strains able to utilize both GF 2 and GF 3 had -fructosidase activity in the culture supernatants. The culture supernatants of the Lactobacillus strains had higher -fructosidase activity for GF 2 than for GF 3 , whereas those of the Bacteroides strains had higher activity for GF 3 than for GF 2 . Furthermore, -fructosidase activity of the culture supernatants of the Lactobacillus cells grown in the GF 3 medium was much higher than that of the cells grown in the GF 2 medium, whereas the activity of the culture supernatants of the Bacteroides cells grown in the GF 3 medium was almost the same as that of the cells grown in the GF 2 medium. These results indicate that Lactobacillus species metabolize FOS in a different way from that of Bacteroides species.
Functional food components called prebiotics have attracted attention as nondigestible ingredients that improve intestinal microflora by stimulating the growth of beneficial bacteria in the large intestine. Because they are not degraded by digestive enzymes, prebiotics pass into the large intestine, where they are subsequently metabolized by intestinal bacteria. Among these intestinal bacteria, Lactobacillus and Bacteroides species in particular are considered to be associated with immunomodulation and stimulation of lipid metabolism. 1, 2) Of the prebiotics, oligosaccharides such as fructooligosaccharides (FOS), galactooligosaccharides, and xylooligosaccharides have been extensively studied. [3] [4] [5] [6] [7] [8] Adachi identified FOS as the first oligosaccharides to act as prebiotics, that is, food ingredients that cannot be degraded by digestive enzymes and consequently improve intestinal microflora. 9, 10) In subsequent studies, FOS were found to have various beneficial physiological functions such as alleviation of constipation, 11, 12) insulin resistance, 9, 13) and menopausal syndrome 14, 15) and improvement of lipid metabolism, [16] [17] [18] immune response, 19, 20) and mineral absorption. 21) FOS commercially marketed as Meioligo Ò (Meiji Co., Ltd., Tokyo) is synthesized from sucrose by fungal -fructofuranosidase. 22) It consists of a glucose monomer (G) linked by -1,2 linkages to two or more -2,1-linked fructose units (F), forming a mixture of 1-kestose (GF 2 ), nystose (GF 3 ), and 1 F -fructofuranosyl nystose (GF 4 ). FOS are added to infant formulas, yogurt, and other food products and are included in food supplements. 23) Despite considerable commercial and research interest in the beneficial effects of FOS, the metabolism of FOS by Lactobacillus and Bacteroides has yet to be fully elucidated. 24, 25) Hence, we examined the utilization of GF 2 and GF 3 , the main components of FOS, by various Lactobacillus and Bacteroides species and compared FOS metabolism by the two bacteria.
Eleven Lactobacillus strains were classified into three groups based on their ability to metabolize GF 2 and GF 3 . L. acidophilus JCM1023, JCM1028, and JCM5342 utilized both GF 2 and GF 3 . L. salivarius ATCC 11741, L. rhamnosus JCM1136, L. casei JCM1134, and L. gas- (Table 1) . Temporal changes in the amounts of GF 2 or GF 3 and their metabolic products were examined in the culture supernatants of the various Lactobacillus strains grown in the GF 2 or GF 3 medium (Fig. 1A-G) . Lactobacillus strains were cultured at 37 C in an anaerobic system model 1024 (Forma Scientific, Marietta, Ohio) containing an atmosphere of 10% CO 2 , 10% H 2 , and 80% N 2 for 35 h in a liquid medium containing 0.5% proteose peptone No. 3 (Difco, Ann Arbor, Michigan), 0.5% beef extract (Difco), 0.25% yeast extract (Difco), 0.1% Tween 80, 0.2% diammonium citrate, 0.5% CH 3 COONa, 0.2% K 2 HPO 4 , 0.01% Mg 2 SO 4 , and 0.005% Mn 2 SO 4 , plus 2.0% GF 2 or GF 3 . Residual amounts of FOS and the metabolic products in the culture supernatants were measured by normal-phase HPLC on a Shodex Asahipak NH 2 P 50-4E column (4.6 mm i.d. Â 25 cm; Showa Denko, Tokyo) eluted with 68% acetonitrile. The peaks of GF 2 and GF 3 were monitored with a refractive index (RI) detector, and the results were expressed as the means of three experiments.
Lactobacillus acidophilus
Fructose and sucrose, the degradative products of FOS, were detected only in the culture supernatants of L. acidophilus JCM1023, JCM1028, and JCM5342 ( Fig. 1A-C ). This result indicates the possibility that these L. acidophilus strains use extracellular enzymes to metabolize FOS. Hence, -fructosidase activity for FOS was examined in the culture supernatants of Lactobacillus strains.
Because high levels of fructose in the culture medium interfere with the detection of -fructosidase, 26) we first removed the fructose from the culture supernatant and measured -fructosidase activity as follows: The culture supernatant of Lactobacillus log-phase cells grown in liquid medium containing 2.0% GF 2 or GF 3 as described above was passed through a 0.22 mm cellulose acetate syringe filter and the resulting solution was ultrafiltrated against 50 mM potassium phosphate buffer (pH 6.0). For the -fructosidase assay, reaction mixtures with 20 mM GF 2 or GF 3 and various amounts of ultrafiltrated enzyme solution in 1.0 mL of 50 mM potassium phosphate buffer (pH 6.0) were incubated for 60 min at 37 C. After incubation, the amount of fructose in the supernatant was measured by normal-phase HPLC on a Shodex Asahipak NH 2 P 50-4E column (4.6 mm i.d. Â 25 cm; Showa Denko) eluted with 68% acetonitrile. The peak for fructose was monitored with an RI detector. One unit (U) of activity was defined as the amount of enzyme releasing 1 mmole of fructose per min, and the results were expressed as the means of three experiments.
Of the seven Lactobacillus strains that had GF 2 degradation activity, only L. acidophilus JCM1023, JCM1028, and JCM5342 had -fructosidase activity in the culture supernatants ( Table 1 ), suggesting that the L. acidophilus strains degraded FOS using extracellular enzymes. Next, -fructosidase activities for GF 2 and GF 3 in the culture supernatants of the L. acidophilus strains were compared using cells grown in the GF 2 or GF 3 medium (Fig. 2A ). All three strains had higherfructosidase activity for GF 2 than for GF 3 . Furthermore, -fructosidase activity in the cells grown in the GF 3 medium was much higher than that in the cells grown in the GF 2 medium.
Of the seven Bacteroides strains, B. uniformis JCM5828, B. thetaiotaomicron JCM5827, B. distasonis JCM5825, B. ovatus JCM 5824, and B. acidifaciens JCM10556 utilized both GF 2 and GF 3 , whereas B. ureolyticus ATCC33387 and B. eggerthii ATCC27754 did not utilize GF 2 or GF 3 (Table 1) .
Temporal changes in the amounts of GF 2 or GF 3 and their metabolic products were examined in the culture supernatants of the various Bacteroides strains grown in the GF 2 or GF 3 medium. Bacteroides strains were cultured at 37 C in anaerobic system model 1024 (Forma Scientific) containing an atmosphere of 10% CO 2 , 10% H 2 , and 80% N 2 for 48 h or 58 h in a liquid medium containing 1% Trypticase (BBL), 0.5% yeast extract (Difco), 4% Fildes solution, 4% salts solution (0.2 g of CaCl 2 , 0.2 g of MgSO 4 , 1 g of KH 2 PO 4 , 1 g of K 2 HPO 4 , 10 g of NaHCO 3 , and 2 g of NaCl in 1 L), and 0.05% L-cysteine-HCl, plus 0.5% GF 2 or GF 3 (pH 7.2).
As shown in Fig. 1H -L, fructose and sucrose, the degradative products of FOS, were detected in the culture supernatants of all five strains. This result indicates the possibility that these Bacteroides strains use extracellular enzymes to metabolize FOS. Hence, -fructosidase activity for FOS was examined in the culture supernatants of Bacteroides strains.
Of the five Bacteroides strains that had FOS degradation activity, all five strains had -fructosidase activity in the culture supernatants ( Table 1 ), suggesting that these strains degraded FOS using extracellular enzymes. Next, -fructosidase activities for GF 2 and GF 3 in the culture supernatants of the five Bacteroides strains were compared using cells grown in the GF 2 or GF 3 medium (Fig. 2B ). All five strains had higher -fructosidase activity for GF 3 than for GF 2 . Furthermore, -fructosidase activity in the cells grown in the GF 3 medium was almost the same as that in the cells grown in the GF 2 medium. -Fructosidase activities for GF 2 and GF 3 in culture supernatants of Lactobacillus (A) and Bacteroides strains (B) were measured for cells grown in a medium containing GF 2 or GF 3 , and were expressed as U per mL of the culture medium.
On the other hand, the culture supernatants of L. acidophilus strains had higher -fructosidase activity for GF 2 than for GF 3 , and this activity in the cells grown in the GF 3 medium was much higher than that in the cells grown in the GF 2 medium. Based on these results, we considered the following mechanisms to explain the differences in FOS utilization by Bacteroides and Lactobacillus. First, Bacteroides preferably utilizes longer-chain FOS such as GF 3 , whereas Lactobacillus preferably utilizes shorter-chain FOS such as GF 2 . This agrees well with a previous study that Bacteroides preferably utilized long-chain fructan. 25) Second, in the case of Lactobacillus cultures grown in the GF 3 medium, high levels of -fructosidase must be induced for sufficient degradation of GF 3 , because thefructosidase activity for GF 3 is low. In contrast, in the case of Bacteroides cultures grown in the GF 3 medium, high levels of -fructosidase need not be induced for sufficient degradation of GF 3 , because the -fructosidase activity for GF 3 is high.
In previous studies, of six Bifidobacterium strains, B. longum ATCC 15707, B. catenulatum ATCC 27539, B. adolescentis ATCC 15705, B. pseudocatenulatum ATCC 27919, and B. breve T104 utilized both GF 2 and GF 3 , and B. bifidum JCM1254 utilized only GF 2 . 27, 28) This fact indicates that FOS utilization by Bifidobacterium species is closer to that by Bacteroides species than Lactobacillus species. In general, Lactobacillus species are present mainly in the lower small intestine and large intestine, whereas Bacteroides and Bifidobacterium species are present mainly in the large intestine.
29) The differences in FOS utilization might be necessary for the coexistence of these bacteria in the intestines.
Presently, FOS are considered to be metabolized via one of two routes. 30) In one route, FOS are transported intact into the cytoplasm where they are hydrolyzed, in the other, they are hydrolyzed by extracellular enzymes, then the hydrolysates are transported into cytoplasm. Among Lactobacillus strains, only the L. acidophilus strains able to degrade GF 3 had extracellular enzymes, suggesting that relatively longer-chain FOS tend to be hydrolyzed by extracellular enzymes rather than being transported intact. This agrees well with the result that all five Bacteroides strains able to degrade GF 3 had extracellular enzymes in this study.
In the genome sequence of L. acidophilus NCFM, any secreted -fructosidase, levanase, or inulinase gene was not found, and the FOS metabolic pathway has been deduced to be mediated by a multiple sugar metabolism operon that encodes an ABC (ATP-binding cassette) transport system. 31) From these facts, it has been proposed that FOS are not metabolized by extracellular enzymes in L. acidophilus NCFM. 30, 31) However, we found here that L. acidophilus JCM1023, JCM1028, and JCM5342 metabolized FOS by extracellular enzymes. If we are to clear up this discrepancy, further studies on the extracellular enzymes of these L. acidophilus strains are now essential.
